Introduction
Viruses were originally defined as small infectious agents that can pass through the finest known filters [1] . Compared to their host, viruses are very small. For instance, polioviruses or common cold rhinoviruses have a diameter of about 300 Å (0.03 mm) whereas a human red blood cell is about 6-8 mm in diameter. Larger viruses, such as the oval or brick-shaped poxviruses (2000-4000 Å in diameter) were discovered later [2] . Large, icosahedral dsDNA viruses that infect eukaryotic cells (e.g. PARA-MECIUM BURSARIS CHLORELLA VIRUS 1 (PBCV-1) [3,4 ,5,6,7 ] , CHILO IRRIDESCENT VIRUS (CIV) [4 ,8 ] , PHAEOCYSTIS POUCHETTI VIRUS (PpV01) [9] , MARSEILLE VIRUS [10 ] ) are now being discovered (Table 1 ) at exponentially increasing rates partly due to polymerase chain reaction (PCR) and other technological innovations. Most of these nucleocytoplasmic large DNA viruses (NCLDVs) have similarities in their genomes [11, 12] . In addition, these viruses replicate their genome in the host's cytoplasm with little help from their host's replication system [11, 12] . The NCDLVs will be the primary focus of this review.
The biggest known virus to date is ACANTHAMOEBA POLYPHAGA MIMIVIRUS (Mimivirus), discovered in 2003 in fresh water [13] . Mimivirus infects single cell amoeba and has an icosahedral capsid with a diameter of about 5,000 Å , covered by 1250 Å -long closely packed fibers [14] . Mimivirus and other large viruses cannot pass through standard 0.22 mm sized filters that are generally used to separate cellular organisms from viruses. Furthermore, Mimivirus's 1.2 Mbp genome is bigger than some small bacteria [15, 16] . Another giant virus CroV (CAFE-TERIA ROENBERGENSIS VIRUS) was discovered in ocean water infecting single cell microzooplankton. CroV has a 730 kbp genome and has a 3000 Å icosahedral diameter capsid, making it the second largest known virus [17] . Other very large icosahedral NCLDVs, infecting a wide range of eukaryotic cells, are being discovered [18] or rediscovered [19] and their genomes sequenced [10 ,15,17] , especially from aquatic environments [20] .
These large infectious particles are considered to be viruses largely based on their often roughly icosahedral morphologies. The structure of the filtratable infectious agents that had been classified as being 'viruses' were shown to have very regular geometric shapes such as rods with helical symmetry and spheres with icosahedral symmetry. These geometries were recognized as being the result of assembling many identical subunits each with the same environment [21, 22] . The same rules of symmetry appear to be at least approximately true for many of the larger infectious particles, accounting for them being considered as viruses. However, the increased size of the virions allows the capsid to accommodate a larger genome (Table 1) , able to code more functions normally associated with cells. Thus the boundary between a cell able to replicate in a supportive environment and a virus incapable of replicating without a host, has become diffuse [23] . Furthermore, these big viruses are more likely to be degenerative cells rather than advanced replicating molecules as might be the case for the smallest known viruses [24] . A further complication to the definition of viruses has arisen with the discovery of 'virophages' for Mimivirus [25 ,26,27] and CroV [28] . These are viruses that utilize other viruses as their host, giving the host virus a role similar to that of a cell. Hence, studies of large viruses are akin to studies of simple cells. Considering the multitude of interactions even in prokaryotic cells, large viruses are ideal for investigating many biological processes at a molecular level. CpMV large subunits PBCV-1 Vp54 [39, 40] . The name 'girus' has been suggested to describe the giant viruses [16, 41 ] . The existence of genes from different domains of life in the NCLDV genome has given these viruses a reputation as 'gene robbers' [42, 43] and reignited the debate about whether there is a single tree of life [36, 38] that describes the history of how all organisms capable of reproduction have evolved. Some of these giant viruses replicate their large DNA genomes in the host's cytoplasm within a special compartment, called the 'virus factory'. The similarity between the 'virus factory' and eukaryotic nucleus as well as phylogenetic studies on the viral replication enzymes have led to the hypothesis that these NCLDVs might have had a crucial role in the evolution of prokaryotes to eukaryotes [27,34 ,44] . Owing to the size and complexity of the NCLDVs, structural studies have been a challenge, requiring multiple structural techniques such as X-ray crystallography, scanning electron microscopy (SEM), cryo-electron microscopy (cryo-EM), atomic force microscopy (AFM) and X-ray lasers [14,29 ,31,45,46] .
The icosahedral capsid and double-jelly-roll
Owing to their relatively smaller genome size compared to their host, viruses can accommodate only a limited number of genes that code structural proteins. As mentioned above, this requires that the basic building block is repeated numerous times to form a symmetric capsid. Two of the most common folds utilized for the major capsid protein of viruses are the 'jelly-roll' [47] and the 'HK97' [48, 49] folds. Most NCLDVs use the jelly-roll fold, whereas all known tailed phage structures use the HK97 fold, indicating two major viral lineages in the divergent evolution of their capsids. The 'jelly-roll' fold, first found in small RNA plant viruses [50, 51] and small RNA animal viruses [52, 53] , is a b-barrel, wedge-shaped structure composed of eight, anti-parallel, b-strands (B to I) ( Figure 1A ). The RNA plant viruses have T = 3 quasisymmetry (see below for a description of the triangulation or T number) in which there are 180 subunits, each with a jelly-roll fold, that have quasi-similar environments ( Figure 1B ). In the picornaviruses such as the rhinoviruses and polioviruses there are three different major capsid proteins (VP1, VP2 and VP3) each with a 'jelly-roll' fold, organized exactly as in the T = 3 RNA plant viruses ( Figure 1B ). The VP1 subunits form pentamers around the icosahedral 5-fold axes, whereas the VP2 and VP3 form trimers with quasi-6-fold symmetry around the icosahedral 3-fold axes. The cowpea mosaic plant virus (CpMV) has two of the jelly-rolls (equivalent to VP2 and VP3 in picornavirus) covalently linked together into a single polypeptide chain [54] (Figure 1C, E) . Similarly, in large dsDNA viruses that utilize a jelly-roll motif for their major capsid protein, including NCLDVs, there are hexagonal and pentagonal capsomers. The hexagonal capsomers are trimers in which the monomer consists of two consecutive double-jelly-rolls, giving the capsomers quasi-6-fold symmetry, much as the (VP2-VP3) 3 quasihexamer of CpMV ( Figure 1C ). The pentameric capsomers of NCLDVs, like those of CpMV, are located at the 5-fold vertices created from a special vertex single jelly-roll protein [55] . In NCLDVs there are, in general, 12 pentameric capsomers, one at each vertex, and (T-1) quasi-6-fold capsomers, where T is the Casper and Klug triangulation number described below. The structure of the double-jelly-roll fold was first described for adenovirus [56, 57] , and later in the bacteriophage PRD1 [58] , the algae virus PBCV-1 [5] ( Figures 1D and 2A) , the archaeal virus Sulfolobus turreted icosahedral virus [59] , and the marine bacteriophage PM2 [60] . A double-jelly-roll capsomers has a thickness of about 75 Å , and a diameter of between 74 Å and 85 Å . These viruses, as well as many other NCLDV icosahedral viruses, are sometimes referred to as belonging to the PRD1-adenovirus lineage [61] . Sequence alignment of NCLDV major capsid proteins showed relatively high similarity in the b-strands but often with different numbers of amino acids linking strands, sometimes creating large insertion loops between strands D and E as well as between strands F and G [29 ] ( Figure 1F ). Mostly these insertions form the exterior of these viruses, such as the 'towers' in adenovirus.
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T number and capsomer arrangement
The simple icosahedral arrangement of protein subunits in viruses was first discussed by Crick and Watson [21] . Their concepts for viral capsid arrangements were later extended by Caspar and Klug [22] , using a hexagonal planar lattice to define the position of pentamers in terms of the indices h, k counting capsomers along the axes of the lattice [22] (Figure 2F) . The triangulation number, T, is then given by the h, k integers using the equation:
In the small RNA plant viruses, 60T would be the number of quasi-equivalent subunits. In the more complex large dsDNA viruses, that have double-jelly-roll monomers as their major capsid protein, 60T would be the number of quasi-equivalent jelly-roll folds. It has not yet been possible to accurately determine the T number (between 972 and 1200) of Mimivirus due to the low resolution of the cryo-EM reconstruction [29 ] . In Mimivirus, neighboring capsomers have a 608 rotation with respect to each other, producing planar arrays that have p3 symmetry, leaving holes in every third position that are as big as a capsomer itself ( Figure 2D , E, F). However, in most other NCLDVs the capsomers are in closely packed hexagonal arrays with p6 plane symmetry ( Figure 2C, F) [29 ]. The above estimate of the T number for Mimivirus assumes that every site on the hexagonal lattice is filled by a capsomer. Therefore, for Mimivirus, the actual number of jelly-rolls per asymmetric unit will be only two thirds of the estimated T number [29 ,30 ].
Pentasymmetron and trisymmetron
Large, well-organized triangular and pentagonal arrays of capsomers was first observed by Wrigley et al. in a negatively stained Sericesthis iridescent virus (SIV) sample [62] . These arrays were separated by cleavage lines along which the virus came apart after long periods of storage [62] . This suggests that the capsid of large icosahedral NCLDVs is constructed from pre-assembled trigonal and pentagonal patches. The pre-assembled 5-fold (pentasymmetrons) and 3-fold (trisymmetrons) patches ( Figure 2B , G, H, I) are separated from each other by cleavage lines, visible in cryo-EM reconstructions [4 ,5,6,8 ,9] on the virus surface. The cleavage lines are a consequence of the capsomers having only quasi-6-fold symmetry (Figure 2A ), causing the 3-fold symmetric capsomers in neighboring trisymmetrons or pentasymmetrons being rotated by 608 relative to each other [6, 8 ].
Wrigley et al. [62] used a modified version of Goldberg's diagram to describe the possible ways of building icosahedral particles from different symmetrons. The Goldberg diagram, as also used by Caspar and Klug [22] , utilizes a hexagonal lattice to describe the position of pentagonal vertices in forming an icosahedron. Although the relative size of pentasymmetrons and trisymmetrons can vary to an extent determined by the T number [62, 63] , in all currently available structures, the pentasymmetrons are always of the same size with 31 pseudohexagonal capsomers per pentasymmetron. This size pentasymmetron occurs when h = 7 [9, 63] . The formation of quasi-equivalence around the 5-fold vertices is a significant problem for the assembly of an icosahedral particle from identical hexagonal capsomers. For the bacteriophage T4 and some other phages there is a special protein, homologous to the major capsid protein, that forms the 5-fold vertex [64] . Apparently formation of the 31 capsomer pentasymmetron cap is sufficient, in general, to take the strain of forming a large capsid.
Other surface features
When Mimivirus was first isolated, the dense, long and Gram-stainable surface fibers led to the misidentification of Mimivirus as a bacterium [13, 65] . The fibers are sensitive to proteolysis after treatment with lysozyme [29 ,45] suggesting that the surface fibers are crosslinked and protected by peptidoglycan, consistent with the Gram-staining [13] . These fibers might be attached to the center of each capsomer or might be associated with the systematically absent capsomer locations [45] . Possibly Mimivirus uses these fibers to 'mimic' bacterial entry into amoeba allowing Mimivirus to be phagocytosed by the amoeba [16] . Some other NCLDVs also have fibers located at the center of all [4 ,8 ] or some of their capsomers [7 ,9] . The function of these fibers in CIV, PBCV and PpV01 are unknown but probably play a role in attaching to the host [7 ] as occurs in many bacteriophages [66] .
Although the capsids of many viruses have icosahedral symmetry, the internal nucleocapsid is asymmetric as there is only one genome. Unique portals for packaging and delivering genome associated nucleocapsids occur in tailed bacteriophages [64, 67, 68] as well as in PRD1 [69] , PBCV-1 [3] and herpesviruses [70] . Similarly, Mimivirus has a large star-fish-shaped portal on one of its vertices [29 ,31] . PBCV-1 also has a unique vertex that is related to genome delivery [7 ] , X. Zhang et al., unpublished and modifies the icosahedral symmetry in the vicinity of the special vertex.
Internal structure
Several common internal structures have been found inside icosahedral NCLDV capsids. Minor capsid proteins beneath the major capsid protein layer, but outside a membrane surrounding the nucleocapsid, are present in many NCLDVs. In PBCV-1 [7 ] and CIV [8 ] , there are fiber-like proteins that link capsomers together, presumably for stability. The nature of the minor capsid proteins in the vicinity of the special vertex is different, probably to initiate virus disassembly when the special vertex has sensed a host [7 ] .
Both in PBCV-1 and Mimivirus, the unique portal is associated with a pocket, created by the nucleocapsid having a concave depression (Figure 3 ). In the case of PBCV-1 the pocket contains enzymes that appear to digest part of the host cell wall on entry into the chlorella cells [X. Zhang et al., unpublished]. In the case of Mimivirus the portal is probably associated with the release of the genome into the amoeba cytoplasm to form a virus factory [29 ,45] . 
Conclusion
The number of known and characterized giant, icosahedral, dsDNA eukaryotic viruses both from fresh and salt water environments is increasing rapidly. They have large genomes that contain genes from all three kingdoms of life [15, 17] . Many of the NCLDVs have icosahedral or close-to-icosahedral capsid symmetry assembled from quasi-6-fold symmetric capsomers constructed of six jelly-roll domains arranged into pentasymmetrons and trisymmetrons. The similarly sized pentasymmetron suggests that this is a crucial size to relieve the strain around the 5-fold vertices. Mimivirus is different in that it does not have a close packed assembly of its capsomers nor special pentasymmetrons to disperse the strain forces around its vertices. Mimivirus is also unique among known NCLDVs by being covered by a dense surface of fibers and a star-fish-shaped portal [29 ,30 ]. These differences are probably related to adaptation to different hosts. For instance, the chlorella host of PBCV-1 has a cell wall requiring that only the PBCV-1 genome is inserted. By contrast, amoeba has only a membrane to defend itself, requiring Mimivirus to attract its host to be absorbed by virtue of the amoeba's normal food gathering procedure. More high resolution structural information will not only shed light on how NCLDVs assemble into large and complicated structures, but will also probe deeper as to their evolution from simpler viruses or devolution from a higher organisms.
